ABSTRACT Accurately defining the level of geomagnetically induced currents (GICs) in a power grid is an important process in evaluating the effects of magnetic storm disturbance on a power grid. With the full-node model presented in this paper, the long-term effects of geomagnetic disturbances on the 400-230-kV power grid in Ethiopia are calculated. Two parameters, namely, GICMax-H and GICMax-L (high-and low-probability extreme values), which are the bases of the risk assessment of the GIC, are proposed. The differences and the interaction of the GIC between the 230-and 400-kV power grids in November 9-11, 2004, are presented. The results expose that the probability of a high-risk GIC value in the low-latitude region can still be significant. The low-voltage system should be included when modeling and assessing the GIC in the high-voltage system. In Ethiopia, the GIC values in the northwest, southeast, and central regions are larger, and the 400-kV substations, such as S1, S2, S8, S10, and S48, and the 230-kV substations, such as S42, S43, S17, S16, and S53, should be intensively monitored when the effect of the GIC is evaluated. All the results can enrich the knowledge on the GIC in the low-latitude region and provide some assistance to assess the geomagnetic storm disasters.
I. INTRODUCTION
Geomagnetically induced currents (GICs), which are considered to be quasi-DC, can lead to half-wave saturation in transformers, resulting in the increase in harmonic current, voltage drop, reactive-power fluctuations, and other hazards [1] , [2] . The effects of GICs are generally more frequent and intense at high latitudes, such as North America and Northern Europe, and the GIC is harmful to the safe operation of power grids [3] , [4] . With the advancement in GIC research, countries located in the middle-low latitudes have also suffered many magnetic storms that attack power-grid systems, such as South Africa [5] , Brazil [6] , Australia [7] , Spain [8] , New Zealand [9] , China [10] , Japan [11] , and others. Koen and Gaunt [5] showed that during the geomagnetic storms in South Africa on March 13, 1989 , the maximum GIC in the substations was up to 108 A. Many papers dealing with high-and middle-latitude GICs have been published, but not so many have dealt with GICs at low and equatorial regions. Meanwhile, we can learn that magnetic storm disturbance is not the only significant factor that affects the GIC size in the power grid. The interplanetary shocks can cause intense GICs in the middle-low latitude regions [12] , [13] . The earth electrical structure and actual power-grid parameters also affect the GIC size [14] , [15] . The literature has not provided accurate information on the GIC level and the importance of various factors in the low latitude region. Ethiopia is located at a latitude from 3 • to 13 • , and whether a high-risk GIC value occurs or not remains unknown. A study in such an equatorial region will deepen our understandings on GIC-related risk in power networks.
Some researchers use the geomagnetic data of only one magnetic storm event in the calculation and analysis of various regional power-grid GICs. However, a small number of magnetic storm disturbance events cannot fully explain the regularity of occurrence of GICs and the level of damage they can cause. Marshall et al. [7] compared the measured and calculated values of a GIC between July 14 and 15, 2012 in Australia; Torta et al. [8] established a risk assessment model of a GIC in a Spanish grid during the ''Halloween'' magnetic storm in 2003; and Liu et al. [10] selected the event from November 9 to 10, 2004 during the occurrence of a magnetic storm and established a GIC model. Fortunately, some publications based on the long-term observation of magnetic storm data are available to assess powergrid GICs. For example, Palacios et al. [16] analyzed and verified whether the time of strong magnetic storms and power-grid failures are related. Blake et al. [17] selected three historical storm events, calculated the power-grid GICs, and obtained the GIC range corresponding to different Kp indices. In Section II of this paper, according to the geomagnetic index Dst, 11 large geomagnetic storms were selected in the years from 2003 to 2017. The long-term effect of the magnetic storm disturbances in Ethiopia's 400-230-kV power grid was simulated. Moreover, statistical knowledge was used to analyze power grid GICs to provide some assists to assess the geomagnetic storm disasters.
At the same time, the actual power-grid parameters that affect the GIC size were emphatically discussed in Section III. The differences in the GICs between the 230-and 400-kV power grids during the geomagnetic storm events with the longest duration from November 9 to 11, 2004 were analyzed. In contrast, considering the higher voltage level and larger power-grid GICs, previous GIC calculations focused on the maximum voltage level line of the grid and ignored the low-voltage level in the grid GIC calculation [18] . According to the ''GIC-Benchmark'' standard example [19] , Zheng et al. [20] established a full-node model to calculate the GIC of a multi-voltage grid in 2013. By considering the 750-and 330-kV grid in Gansu, China, as well as the constructed and still under construction 1000-and 500-kV grids as examples, Liu et al. [21] demonstrated the influence of the GICs of a 330-kV grid on a 750-kV grid and of a 500-kV grid on a 1000-kV grid under a 1 V/km geoelectric field condition. In the present study, we utilized the full-node model to calculate the single-voltage level of 400-and 230-kV power GICs using actual storms as the reference from November 9 to 11, 2004 . The characteristics of the interaction between the two voltage level types were proven in Section 3.3 to determine the assumption of ensuring the calculation accuracy of the grid GIC and select the simplest grid GIC method.
II. CALCULATION OF GIC IN POWER GRIDS
The GIC calculations can be divided into two steps [22] : 1) calculation of the induced geoelectric field based on geomagnetic storm data and 2) GIC calculation based on a full-node model of an actual power grid. The original data used to calculate the GIC include geomagnetic storm data, earth electrical structure data, and power-grid parameters.
A. GEOMAGNETIC STORM AND EARTH ELECTRICAL STRUCTURE DATA
The geomagnetic index is a standard used to describe the intensity of a geomagnetic disturbance. In medium and low latitudes, the intensity of a geomagnetic disturbance is determined according to the change in the geomagnetic horizontal component. The Dst index is used herein for the standard screening of geomagnetic storm events. The sites http://isgi.unistra.fr and http://www.intermagnet.org/ record the Dst and geomagnetic data of the Addis Ababa Geomagnetic Observatory (9.03 • N, 38.74 • E) over a long-time scale. According to the Dst data provided by the website, we selected all superintense storm events (Dst ≤ −200 nT) and part of intense storm events (−200 < Dst ≤ 100 nT) in 2003-2017 for a total of 11 times, as listed in Table 1 [23] . The minimum value of Dst for one day is named Dst_MIN. Table 2 lists the earth-resistivity data [24] .
B. POWER GRID IN ETHIOPIA AREA
The full-node model of the 400-and 230-kV dual-voltage grids is constructed herein. Fig. 1 shows the geographical wiring diagram of a dual-voltage network consisting of 19 sets of 400-kV transformers, 34 sets of 230-kV transformers, 19 transmission lines at 400 kV, and 47 transmission lines at 230 kV. Table 7 shows the actual substation name corresponding to the substation code, while Table 8 presents the transmission line number. The full-node model of the double-voltage network requires three parameters: transformer parameters (DC resistance value of the transformer windings), line parameters (line length and DC resistance value per unit length), and substation parameters (geographic coordinates and grounding resistance value of each substation).
In the dual-voltage grid, the transformers that connect two voltage levels, such as S3 and S4, are doublewinding autotransformers, while the others are all common double-winding transformers. Table 3 lists the transformer parameters. The primary and secondary sides of the common transformer have no electrical connection, and the low-voltage winding can be ignored. Table 4 shows part of the line parameters, in which all 400-kV power transmission lines adopt the TWIN/ASTER851-type conductor, and all 230-kV power transmission lines adopt the OSTRIC/ACSR176-type conductor.
III. GIC RESULT ANALYSIS A. ANALYSIS OF THE GIC STATISTICAL RESULTS IN 2003-2017
1) Definition: The maximum node GIC of each substation is defined to be a low probability for extreme value and is named GICMax-L. The node GIC that its probability is 1% is defined to be a high probability for extreme value and is named GICMax-H. It generally belongs to a small probability event if the probability of one thing happening is less than 1% or 5% [25] .
By taking one of the sites as an example, Fig. 2 shows the frequency distribution histogram of the node GICs in the Suluta substation (S8). The maximum node GIC is 284.75 A, which is GICMax_L, and its probability is only 0.003%. A GIC of 32 A is defined to be GICMax-H. It is equal to the probability of 1% when the node GIC is 32 A. Moreover, the average node GIC is significantly affected by the maximum value, and simultaneously, the probability of maximum GIC occurrence is very low. Therefore, the average GIC value is no longer discussed herein.
2) Table 5 lists the node GIC statistical results about GICMax-H and GICMax-L in all substations. A high-risk GIC value in the low-latitude areas is possible, and the highest value is 342.4 A. Previous studies showed that local overheating of a 500 kV shell transformer occurred when a singlephase GIC reached 20 A. Local overheating of a 500 kV core transformer also occurred when the single-phase GIC reached 30 A [26] . The maximum value of GICMax-H was 36 A, and the minimum was 2.67 A. From the 53 substations in the double-voltage system in Ethiopia, the number of substations in which GICMax-H was more than 30 A was three, and eleven substations have over 20 A. Among them, seven transformers were in the 400 kV substation, and four were in the 230 kV substation. If the low-probability extremum is ignored and by referring to GICMax-H obtained by statistics, careful attention is still required in determining the hazard level of the GIC in the Ethiopia power grid. Fig. 3 shows the spatial distribution map of GICMax-H in the Ethiopia power grid. In the northwest, southeast, and central regions in Ethiopia (where the capital is located in the latter), the diameter of the circle is long, and the possibility of a high-risk value of a power-grid GIC is high. Meanwhile, the powergrid GIC caused by geomagnetic storms in the northeast and southwest regions is small. High-risk values mostly occur in the 400 kV substation. The electrical connection between the primary and secondary sides of the transformer connected to the double-voltage level power grid allows an unimpeded circulation of the 400 and 230 kV grid GICs. A few high GIC values in the 230 kV substations also occur during magnetic storms.
3) For GICMax-L, two substations have over 300 A; eight substations have over 200 A; 17 substations have over 100 A; and 33 substations have over 50 A, which account for 62% of the total number of substations. Substations that have over 30 A total to 43, which account for 81% of the total number of substations. Substations with over 20 A total to 47, which account for 89% of the total number of substations.
Thus, the research that the geomagnetic storm disturbance does little harm to the power grid in the low-latitude region is not rigorous. We need to accurately evaluate the GIC level in low-latitude areas. The long-term effect of magnetic storm disturbances on a grid should be considered as the basis for GIC damage management and risk assessment. Simultaneously, we note that the possibility of GICMax-L is very low (i.e., not more than 0.5% in general). When control measures and risk assessment system of the power-grid GIC are formulated, the small probability value of GICMax-L should still be considered to develop a more reasonable control scheme and evaluation system.
B. ANALYSIS OF THE POWER-GRID GIC CALCULATION RESULTS IN 2004
In all the large storm events listed in Table 1 , the longest duration of geomagnetic storm occurred between November 8 and 11, 2004. The GIC data of the power grid during this time are analyzed in detail in this section. 1) For Ethiopia, which is a low-latitude country, 400-kV substation S1 has 32.12 A, which is the largest node VOLUME 6, 2018 2) Fig. 4 shows the calculation result of the line GICs at 8:48 a.m. on November 10, 2004 . The average GIC value in the 400-kV power line is 8.94 A, while that in the 230-kV power line is 6.67 A. The average GIC of the 400-kV power line is slightly larger than that of the 230 kV, but for a few 230-kV power lines, their GIC values are higher than the maximum value of the 400-kV power line, such as in lines S15-S20 and S25-S26.
3) Fig. 5 shows the calculation result of the node GICs at 8:48 a.m. on November 10, 2004 . The average GIC value in the 400-kV grid node is 12.70 A, while that in the 230-kV grid node is 6.14 A. According to the average node GIC, the GIC level in the 400-kV power grid is higher than that in the 230-kV power grid. Larger GIC values appear in most of the 400-kV substations, such as S1, S2, S8, and S10, but the GIC calculation results in some of the 230-kV substations are relatively large, such as in S42, S43, and S17.The results are basically the same as those shown in Fig. 3 . In response to the magnetic storm disturbance that causes damage to the safety of the grid in Ethiopia, we need to focus on monitoring the GIC in 400-kV substations S1, S2, S8, S10, S48, S42, and S43 and that in 230-kV substations S17, S16, S53, and the other substations that have large node GIC values to develop reasonable power-grid GIC control and perform an accurate risk assessment. Table 6 lists the partial analysis results of the GIC interaction between the two voltage grids. The term ''Difference MAX'' in this table denotes the maximum value of the difference between NodeResult-1 and NodeResult-3, which is 12.62 A. The maximum value of the difference between LineResult-1 and LineResult-3, which is 20.47 A, is listed next. The maximum value of the difference between NodeResult-2 and NodeResult-3, which is 5.23 A, is then listed. Finally, the maximum value of the difference between LineResult-2 and LineResult-3, which is 25.81 A, is presented. The corresponding substations are S8 and S37, which are located near the capital, and the corresponding lines are lines S44-S45 and S25-S26. The list in Table 6 shows that increasing the 230 kV power grid results in a larger effect on the individual node and individual line GICs of the 400-kV power grid. Increasing the 400-kV power grid results in a larger effect on the individual line GICs of the 230-kV power grid, but has little influence on the node GICs of the 230-kV power grid.
2) Difference between the dual-and single-voltage grid line GICs
The vertical axis in Fig. 6 shows the percentage of the time related to the positive, negative, and zero impacts throughout the magnetic storm period that lasted for 2880 min. The diagram at the top position in Fig. 6 shows the influence of the line GICs when the 230-kV system is added to the 400-kV system. It is a positive impact when the result of LineResult-3 minus LineResult-1 is positive. It is a negative impact when the result of LineResult-3 minus LineResult-1 is negative. It is zero impact when the result of LineResult-3 minus LineResult-1 is zero (the difference about the line or node GICs between the interval [−1, 1] is ignored). For the first 400-kV line, for example, it is 40% of the time that no change occurred about the line GICs when the 230-kV system FIGURE 6. Interaction between the line GICs. is added to the 400-kV system and 60% of the time that the line GICs decrease. We need to note that only the 12th line is not affected by the entire geomagnetic storm. The diagram at the bottom position in Fig. 6 shows the influence of the line GICs when a 400-kV system is added to the 230-kV system. It is a positive impact when the result of LineResult-3 minus LineResult-2 is positive. It is a negative impact when the result of LineResult-3 minus LineResult-2 is negative. It is zero impact when the result of LineResult-3 minus LineResult-2 is zero. Seven lines show that the line GICs are not affected by the entire geomagnetic storm when the 400-kV system is added to the 230-kV system.
3) Difference between the dual-and single-voltage grid node GICs The meaning of the vertical axis in Fig. 7 is the same as that in Fig. 6 . The diagram at the top position in Fig. 7 shows the influence of the node GICs when the 230-kV system is added to the 400-kV system. It is a positive impact when the result of NodeResult-3 minus NodeResult-1 is positive. It is a negative impact when the result of NodeResult-3 minus NodeResult-1 is negative. It is zero impact when the result of NodeResult-3 minus NodeResult-1 is zero. Only four 400-kV substations, namely, S3, S4, S8, S10, are significantly affected, in which the node GICs obviously decrease, and the percentage of time is from 20% to 50%. The diagram at the bottom position in Fig. 7 shows the influence of the node GICs when the 400-kV system is added to the 230-kV system. Almost all the 230-kV substations are not affected about the node GICs when the 400-kV system is added to the 230-kV system.
IV. CONCLUSION
This study calculated and analyzed the 400-230-kV powergrid GIC in low-latitude areas according to a full-node GIC model. The main conclusions are as follows: 1) In low latitude regions, a high-risk value of the GICs in the 400-230-kV power-grid could probably occur, and the extreme GIC value generated by 89% of the substations exceeded 20 A, whereas the higher the GIC value, the lower the probability of occurrence. Damage to the grid still needed to be considered. Two parameters, namely, highand low-probability extreme values, which were proposed according to the maximum and the definition of the small probability event, should be considered together to formulate a reasonable control scheme and evaluation system.
2) The factor of the actual power-grid parameter has a great influence on the power grid GICs. The level of GICs in the 400-kV power grid was higher than that in the 230-kV power grid, but some substations and lines in the 230-kV power grid still had higher GIC values, which also needs to be noticed. Meanwhile, the influence of the 230-kV system on the GIC in the 400-kV system is significant. Therefore, the 230-kV system should be included when modeling the GIC in the 400-kV system to ensure the calculation accuracy of the GIC in the 400-kV power grid.
3) Only for the power grid in Ethiopia, most of the highprobability extremes appeared northwest of Ethiopia, the southeast region, and the central part of the capital. The GICs in the grid caused by geomagnetic storms in the northeast VOLUME 6, 2018 and southwest regions were smaller. We need to focus on monitoring 400-kV substations S1, S2, S8, S10, and S48, 230-kV substations S42, S43, S17, S16, and S53, and the other locations of the power-grid GICs in the formulation of a power-grid GIC control program and evaluation system.
APPENDIX
See Tables 7 and 8. 
